a b s t r a c t NADPH oxidases (NOXs) constitute a family of enzymes generating reactive oxygen species (ROS) and are increasingly recognized as interesting drug targets. Here we investigated the effects of 10 phenothiazine compounds on NOX activity using an extensive panel of assays to measure production of ROS (Amplex red, WST-1, MCLA) and oxygen consumption. Striking differences between highly similar phenothiazines were observed. Two phenothiazines without N-substitution, including ML171, did not inhibit NOX enzymes, but showed assay interference. Introduction of an aliphatic amine chain on the N atom of the phenothiazine B ring (promazine) conferred inhibitory activity toward NOX2, NOX4, and NOX5 but not NOX1 and NOX3. Addition of an electron-attracting substituent in position 2 of the C ring extended the inhibitory activity to NOX1 and NOX3, with thioridazine being the most potent inhibitor. In contrast, the presence of a methylsulfoxide group at the same position (mesoridazine) entirely abolished NOXinhibitory activity. A cell-free NOX2 assay suggested that inhibition by N-substituted phenothiazines was not due to competition with NADPH. A functional implication of NOX-inhibitory activity of thioridazine was demonstrated by its ability to block redox-dependent myofibroblast differentiation. Our results demonstrate that NOX-inhibitory activity is not a common feature of all antipsychotic phenothiazines and that substitution on the B-ring nitrogen is crucial for the activity, whereas that on the second position of the C ring modulates it. Our findings contribute to a better understanding of NOX pharmacology and might pave the path to discovery of more potent and selective NOX inhibitors.
Introduction
NADPH oxidases (NOXs) are important cellular sources of reactive oxygen species (ROS) involved in diverse key physiological functions, such as microbial killing, hormone synthesis, and production of the otoliths of the inner ear. NOX enzymes are a family of transmembrane proteins comprising seven members (NOX1-NOX5 and DUOX1 and DUOX2), each with a specific tissue distribution and activation mechanism [1] . They catalyze the reduction of molecular oxygen to superoxide anion, which in turn reacts quickly to generate other ROS, such as hydrogen peroxide [2] . Although basic NOX activity is crucial for normal physiology, overshooting activity of NOX enzymes leads to disease. Indeed, accumulating evidence from animal studies shows that genetic deletion of NOX enzymes, mostly NOX1, NOX2, and NOX4, is protective in animal models against neurodegeneration [3] , fibrotic diseases [4] , and cardiovascular diseases [5] , among others [6] [7] [8] . These findings using genetically modified mice provide a strong rationale for identifying small-molecule NOX inhibitors for pharmacological targeting of NOX enzymes. Despite increasing efforts of academia and pharmaceutical laboratories, the development of specific NOX inhibitors is still at its beginning, and nonspecific inhibitors are often used to study the involvement of NOX enzymes in biological processes (for a recent comprehensive review of documented small-molecule NOX inhibitors, see [9] .
A major challenge for the development of NOX inhibitors is the fact that detection of NOX activity through ROS measurements is a Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/freeradbiomed complex task prone to artifacts [10, 11] . Compounds thought to directly inhibit NOX enzymes were later identified as having different modes of action, including antioxidant [12] , peroxidase inhibition, and assay interference [13, 14] . Therefore a robust reliable screening cascade should be implemented to identify and characterize novel NOX inhibitors.
Phenothiazines are three-cyclic compounds. The parent compound is phenothiazine itself, which was used as an antihelminthic and later served as a backbone for designing multiple antipsychotics through substitutions at ring B and ring C (Fig. 1) . The antipsychotic activity of phenothiazine derivatives is mostly due to inhibition of dopamine D2 receptors [15] . However, phenothiazine compounds also have additional targets [16] . In particular, they have been shown to inhibit cellular ROS generation [17] possibly through direct inhibition of NOX enzymes [18, 19] .
In this study, we investigated the NOX inhibitory effect of 10 commercially available molecules of the phenothiazine family. We present an extensive panel of assays including ROS measurements using chemically diverse probes, measurement of oxygen consumption by NOX enzymes, cell-free assays, and orthogonal assays to identify off-target effects. Using this approach, we were able to identify striking differences in the NOX-inhibitory activity inside the group of chemically similar phenothiazines and show that Nsubstituted phenothiazines such as thioridazine, prochlorperazine, and perphenazine are bona fide NOX inhibitors, whereas unsubstituted phenothiazines such as the parent compound phenothiazine and 2-acetylphenothiazine (aka ML171 [19] ) are not NOX inhibitors, but interfere with peroxidase-dependent ROS-measuring assays. Finally, we established the biological relevance of NOX inhibition in an in vitro functional assay by showing that Fig. 1 . Chemical structures of compounds of the phenothiazine family used in the study. Anthracene is the skeleton of the phenothiazine family and is composed of three rings (A, B, C); the numbering used is indicated. Phenothiazine is the compound in which X ¼ NH, thioxanthone is the compound in which X ¼CO, and promazine is the simpler N-substituted derivative. All other molecules have additional substitutions on position 2 in the C ring.
thioridazine-but not phenothiazine-inhibits redox-dependent differentiation of human fibroblasts into myofibroblasts.
Methods

Chemicals and reagents
Dulbecco's modified Eagle medium with 4.5 g/L glucose (DMEM), Roswell Park Memorial Institute (RPMI) 1640 with Glutamax, Hanks' buffered salt solution (HBSS), fetal bovine serum (FBS), 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazol[1,2-a] pyrazin-3-one hydrochloride (MCLA), and Amplex red were purchased from Invitrogen. Phenothiazine, thioxanthone, thioridazine hydrochloride, prochlorperazine dimaleate salt, promazine hydrochloride, perphenazine, fluphenazine hydrochloride, mesoridazine benzene sulfonate, chlorpromazine hydrochloride, 2-acetylphenothiazine, penicillin, streptomycin, phorbol myristate acetate (PMA), calcein, diphenyleneiodonium chloride (DPI), dextran sulfate, dimethyl sulfoxide (DMSO), Tween 20, and carboxymethylcellulose sodium were purchased from Sigma-Aldrich. FicollPaque Plus was purchased from Amersham Biosciences (Uppsala, Sweden). 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-1) was from Dojindo Molecular Technologies.
Cells
Details of NOX-expressing cell lines are summarized in Table 1 . Human neutrophils were isolated from fresh whole blood collected from healthy volunteers as described [37] . Cell lines with heterologous expression of NOX1 [37] , NOX4, and NOX5 isoforms were described previously [18, 38] . The NOX2-expressing cells were PLB-985 myeloid cells and PLB-985 differentiated into granulocyte-like cells by the addition of DMSO (1.25%) to the medium for 72 h [39] . The HEK-NOX3 cell line was generated in the following way: the coding sequences of NOX3, NOXO1, NOXA1, and p22 phox were amplified using Phusion high-fidelity DNA polymerase (New England Biolabs) with Gateway (Invitrogen) adaptable primers. NOX3 was amplified from a human embryonic kidney cDNA library (Clontech, No. 636584), NOXO1 and NOXA1 were amplified as previously described [40] , and p22 phox was amplified from cDNA generated using human neutrophil RNA. The sequences were inserted first into pDONR 221 (Invitrogen) and then subcloned into the 2K7 vector [41] with the cytomegalovirus (CMV) promoter and a tetracycline-inducible CMV promoter for NOX3. The vectors for NOX3, NOXO1, NOXA1, and p22 phox contained GFP, zeocin, neomycin, and blasticidin, respectively, as a means of selection. All cells were cultured in DMEM/F12 (1/1), or RPMI 1640 for PLB-985 cells, supplemented with FBS (10%), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37 1C in air with 5% CO 2 .
ROS measurements in intact cells
Cells were collected by trypsinization for adherent cells (CHO, HEK) or centrifugation for cells in suspension (PLB-985), washed with HBSS, counted, and resuspended in HBSS at 500,000 cells/ml. Cells were seeded in 96-well plates at a density of 50,000 cells (100 ml). Black flat-bottom plates were used for fluorescence and chemiluminescence and transparent plates for absorbance readouts. All compounds were dissolved in DMSO and concentrations ranging from 50 to 0.35 μM were tested in NOX cellular assays with a final concentration of DMSO of 0.5%. Cells were incubated with the compounds for 10 min before measurement. Cells expressing NOX1 and NOX2 were activated with the PKC activator PMA (0.1 mM), and NOX5 was activated with the Ca 2 þ ionophore ionomycin (1 mM). Tetracycline (1 mg/ml) was added to the medium of tetracycline-inducible HEK-NOX4 and HEK-NOX3 cells for 18 h before measurement. Production of hydrogen peroxide by NOX in intact cells was measured using Amplex red fluorescence as described [37] . Production of the superoxide anion was measured by the maximal chemiluminescence of 20 mM MCLA [42] and the absorbance change rate of 100 mM WST-1 at 440 nm. WST-1 is a formazan salt specifically reduced by the superoxide anion.
The usefulness of WST-1 for detection of NOX activity was elegantly validated by Tan and Berridge [22] . The specificity of WST-1 for NOX2 activity was validated by using specific NOX2 activation by PMA (100 nM) and a short measurement time (30 min). Fluorescence, chemiluminescence, and absorbance were measured in a FluoSTAR Optima, BMG Labtech instrument at 37 1C.
ROS measurement in NOX2 membrane assay
To prepare NOX2-containing membranes, differentiated PLB-985 cells (approximately 10 7 cells) were homogenized in 1.5 ml of a sonication buffer containing PBS (0.1 Â ), sucrose (11%), NaCl (120 mM), and EGTA (1 mM) supplemented with protease inhibitors (Complete Mini, Roche) and processed as described [37] . Measurement of ROS generation by NOX2-containing membranes was performed by MCLA luminescence (area under the curve) as previously described [43, 44] . Briefly, 1 μl of various concentrations of compounds dissolved in DMSO was incubated in 80 μl of a mix containing NOX2 membranes (0.5 μg of protein), 0.25 μg provided by Dr. Becky Diebold, Emory University (Atlanta, GA, USA).
Oxygen consumption
Human polymorphonuclear cells were isolated from fresh whole blood collected from healthy volunteers as described previously [45] , using Ficoll-Paque Plus (Amersham Biosciences), and resuspended in HBSS buffer. Oxygen consumption was measured using a Clarke electrode as described before [37] or using a Seahorse XFe24 machine. Neutrophils were plated in 24-well microplates (250,000 cells/well in 200 ml HBSS) and incubated at room temperature for 15 min to let them attach. The medium was then changed for DMEM without sodium bicarbonate containing 10 mM Hepes, and the cells were incubated for 30 min at 37 1C in a non-CO 2 incubator. Basal levels of oxygen consumption were recorded for 8 min followed by 8 min preincubation with compounds. PMA (100 nM) was added where indicated and the oxygen consumption rate was determined for two cycles of 8 min each. The second measurement upon PMA addition was used to evaluate the effects of compounds on oxygen consumption. Signal from neutrophils without PMA treatment was taken as 0 and signal from PMA þDMSO-treated neutrophils was considered as 100%. At least three independent experiments were performed for each compound.
Real-time quantitative polymerase chain reaction
RNA was extracted from human fibroblasts using the Qiagen RNeasy mini kit. Five hundred nanograms was used for cDNA synthesis using the Takara PrimeScript RT reagent kit and following the manufacturer's instructions. Real-time PCR was performed using the SYBR green assay at the Genomics Platform, National Center of Competence in Research Frontiers in Genetics (Geneva, Switzerland), on a 7900HT SDS system from ABI. The efficiency of each primer was assessed with serial dilutions of cDNA. Relative expression levels were calculated by normalization to the geometric mean of two housekeeping genes, β2-microglobulin and GAPDH, as described previously [46] . The highest normalized relative quantity was arbitrarily designated a value of 1.0. Fold changes were calculated from the quotient of the means of these normalized quantities and reported as 7SEM. The sequences of the primers used in this study are shown in Supplementary  Table 1 . The C t value range for control treatments is presented in Supplementary Table 2 .
Human foreskin fibroblast differentiation
The human foreskin fibroblast cell line CCD-1112Sk (ATCC CRL-2429) was maintained in DMEM supplemented with FBS (10%), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37 1C in air with 5% CO 2 . For differentiation experiments, the cells were kept in a serum-free medium for 24 h and treated with 2 ng TGF-β1 with either DMSO or the compounds for another 24 h and collected for protein or RNA extraction or immunofluorescence.
Immunofluorescence
Cells were washed in PBS, fixed in 4% paraformaldehyde for 15 min, rinsed three times in PBS, permeabilized with 0.5% Triton X-100 for 5 min, blocked with 5% bovine serum albumin, and incubated with primary antibody against α-smooth muscle actin (α-SMA; Sigma A2547, 1:250) for 2 h at room temperature followed by secondary antibody, anti-mouse Alexa Fluor 555 (Molecular Probes A21424, 1:1000), for 1 h at room temperature. Incubation with DAPI was performed to visualize nuclei. Coverslips were mounted using FluorSave reagent (Millipore). Images were taken with a Leica SP5 confocal microscope (DM6000) using Leica LAS system software.
Cell viability
The effects of the compounds on cell viability was evaluated using a calcein-AM (Invitrogen) assay. HEK-293T-REx, PLB-985, or CHO cells (0.5 Â 10 6 /ml) were pre-incubated with compounds for 10 min at room temperature in HBSS, then the reaction mixture containing 2 mM calcein was added and incubated for 30 min at 37 1C. Single-point fluorescence measurements were then made with a microplate reader (FluoSTAR Optima, BMG Labtech) at 485 nm excitation/520 nm emission for calcein.
Ligand preparation and electrostatic potential (ESP) surface calculations
All the compounds were modeled by using the Maestro program (Schrödinger LLC, Portland, OR, USA; 2009), a tool from the Schrödinger 2013 package. Energy minimizations were carried out in water by applying 10,000 iterations with a conjugated gradient of 0.05 kcal/mol and using the OPLS-2005 force field. Geometric optimizations of compounds were carried out in implicit water solvent. The ESP surfaces were calculated by using the Poisson-Boltzmann method at the temperature of 298 K (solute dielectric constant, 1.0; solvent dielectric constant, 80; solvent radius, 1.4 Å). ESP surfaces were plotted between À 4.0 and þ4.0 a.u.
Statistical analysis
Data were analyzed using GraphPad Prism software 5.0. For the inhibition dose-response curves of ROS generation as detected by Amplex red, MCLA, and WST-1, sigmoidal dose-response curves were fitted, from which half-maximal efficient concentration (EC 50 ) values were obtained (n ¼3 or 4). Toxicity data are presented as a percentage of control (n ¼3), the data of the wholeblood assay are presented as a percentage of inhibition compared to absence of inhibitor (PMA alone) (n ¼3 or 4), and the rate of oxygen consumption (nmol/min/10 7 cells) was calculated for oximeter data (n ¼3).
Results and discussion
Evaluation of the effects of phenothiazine compounds on NOX-derived ROS generation
To identify small-molecule NOX inhibitors, we performed a screen of a National Institute of Neurological Disorders and Stroke library using PMA-activated neutrophils and luminol-enhanced luminescence as a readout (data not shown). Among the identified hits, the neuroleptic drug thioridazine strongly inhibited luminol chemiluminescence and was further analyzed. A literature search indicated that compounds of the phenothiazine family can decrease ROS generation by NOX2 in granulocytes and macrophages [17, 20] and even NOX4 activity [18] , but formal evidence of NOX inhibition was not proven, as this effect was mostly attributed to ROS-scavenging activity [21] . We therefore tested the effect of phenothiazine molecules structurally related to thioridazine (Fig. 1) on ROS production in a panel of cellular assays using two structurally unrelated probes, Amplex red and MCLA. Cell lines expressing the various isoforms of NOX1-5 were incubated in the presence of increasing concentrations of each compound. ROS generation was induced by PMA for NOX1 and NOX2, preincubation with tetracycline for NOX3 and NOX4, and ionomycin stimulation for NOX5. Extracellular hydrogen peroxide could be measured for all cell lines using the Amplex red assay, but superoxide anion generation was detected by MCLA chemiluminescence only for NOX1, NOX2, and NOX5. The effects of compounds on the activity of DUOX enzymes was not evaluated in this study. Representative concentration-dependent inhibition curves are shown for thioridazine, mesoridazine, and phenothiazine (Fig. 2) . Thioridazine was active in both assays (Figs. 2a and 2g) ; mesoridazine was inactive in both assays (Figs. 2b and 2h) , and phenothiazine was active only in the Amplex red assay (Figs. 2c and 2i ). An orthogonal assay using Amplex red components in the presence of 10 À 5 M hydrogen peroxide (without cells) detected an off-target effect of phenothiazine on the assay (Fig. 2f) . Thioridazine and mesoridazine were inactive in the Amplex red orthogonal assay (Figs. 2d and 2e) . The specificity of thioridazine over phenothiazine was further confirmed using the colorimetric probe WST-1 [22] as a second mechanistically distinct superoxide-dependent assay (Figs. 2j,  2k, and 2l) . A potential cytotoxic effect of the compounds was tested in the calcein cell viability assay (Figs. 2m , n, and o and Supplementary Fig. 3S ). Cytotoxicity was observed only for higher concentrations of thioridazine (Z25 mM; Fig. 2m ), indicating that the observed inhibition was not due to cellular toxicity. Potential fluorescence quenching of unsubstituted phenothiazines was excluded as the fluorescent signal was not decreased when the compounds were added after the reaction was completed (data not shown). A total of 10 phenothiazine-related compounds were tested using a similar approach. A summary of the calculated IC 50 values for each NOX isoform and each probe is documented in Table 2 . We found that despite high structural similarities, the effects on NOX inhibition were significantly different.
Structure-activity relationships of phenothiazines
To address these differences we performed structure-activity relationship (SAR) analysis of the phenothiazine derivatives based on their IC 50 values against NOX2 determined in the cell-based Amplex red assay (see Table 2 and Fig. 3 ). As reported in Table 2 , the two undecorated scaffolds tested, phenothiazine and thioxanthone, do not display any inhibition against NOX2. The apparent inhibition observed for the phenothiazine moiety in the Amplex red assay (IC 50 ¼1.6 70.3) is due to its interference with the assay (H 2 O 2 IC 50 ¼1.0 70.4), potentially due to either the intrinsic antioxidant power of the molecule or the inhibition of horseradish peroxidase. This consideration can also be done for 2-acetylphenothiazine (aka ML171), which was previously described as a specific NOX1 inhibitor in a screen using the peroxidasedependent probe luminol [19] . Our results indicate that 2-acetylphenothiazine is inactive on all NOX isoforms, including NOX1, but interferes with the Amplex red assay. This finding is in line with two recent studies by Zielonka et al., which critically address the common use of peroxidase-dependent assays, as it increases the probability of identification of false positives, which are in fact inhibitors of the peroxidase mechanism [13, 14] . In the case of promazine, the introduction of the aliphatic dimethylpropylamine chain on the N atom of the phenothiazine moiety has a double impact. This causes a loss of its antioxidant/peroxidase action but, on the other hand, remarkably contributes to its inhibitory profile against the NOX enzymes. Promazine is the only phenothiazine tested that shows isoform specificity for NOX2 and NOX4 over other isoforms. All other tested phenothiazine derivatives except for mesoridazine bearing an electron-attracting substituent at position 2 and different aliphatic amine chains (propyl, piperidine, or piperazine) on the N atom of the phenothiazine moiety showed inhibition of NOX1-5.
Correlation between electronic properties of phenothiazines and NOX2 inhibition
Based on the principle that an interaction occurs only if the electrostatic potentials of the surfaces of two interacting moieties are complementary [23] we inspected the possible correlations between the electronic properties of compounds and NOX2 inhibition by calculating the ESP surfaces for all compounds (Supplementary Fig. 2 ). This approach highlighted a qualitative relationship between the inhibitory potency on NOX2 and the decreased negative character of the aromatic ring C (Fig. 3) . In particular, the less negative the aromatic ring C is, the stronger the NOX2 inhibition is. The presence of an electron-attracting substituent (Cl À atom for chlorpromazine, prochlorperazine, and perphenazine; CH 3 S À group for thioridazine; CF 3 for fluphenazine)
decreases the negative character of the aromatic ring C. This may make this moiety more favorable for establishing the highly directional π-π stacking interactions [24] [25] [26] with electron-rich aromatic rings of NOX2 residues and its cofactor NADPH with its electrostatic potential changing during the catalytic cycle from NADPH to NADP and back. Because the type of substituent determines directly the positioning of aromatic rings, face to face or edge to face, in such a π-π stacking by influencing the electrostatic energy, the dispersion interaction, and the exchange repulsion [27] , it is reasonable to assume that it is highly discriminating for the binding of a compound within a protein cavity that possesses intrinsic steric constraints owing to its particular shape. Despite the favorable N-substitution on its B ring mesoridazine shows no NOX2 inhibition up to a 50 μM concentration. This is probably due to the presence of the methylsulfoxide group at position 2, which is slightly bulkier and has different electron-attracting characteristics compared to the methylsulfanyl of thioridazine. These subtle modifications are sufficient for rendering the interaction of mesoridazine with the NOX2 enzyme unfavorable because of the highly directional character of the π-π stacking interactions formation, needing a very precise alignment of charges [28] . This computational analysis allowed us to better explain the NOX-inhibition activity trend of the molecules examined in this study. Indeed, we determined a significant correlation between the electrostatic properties of these compounds and their NOX2 IC 50 values, suggesting that modifications on position 2 of ring C can be a promising medicinal chemistry strategy that can be used to perturb the electronic properties and eventually improve the NOX2 inhibition profile.
Evaluation of the effects of phenothiazine compounds on NOX2-dependent oxygen consumption
The NOX enzymes use oxygen as a substrate to generate the superoxide anion. Therefore, NOX activity can be evaluated by measuring oxygen consumption. We used the XF24 extracellular flux analyzer (Seahorse Bioscience) and/or a Clarke electrode to measure oxygen content in a mixture containing PMA-activated human neutrophils in the presence of various phenothiazine compounds. Phenothiazine (Fig. 4, Supplementary Fig. 3 ), mesoridazine (Fig. 4) , and 2-acetylphenothiazine (Fig. 4 ) had no effect on the respiratory burst, whereas other N-substituted phenothiazines (thioridazine, perphenazine, and prochlorperazine) showed significant reduction of oxygen consumption at 20 μM (Fig. 4,   Supplementary Fig. 3 ). This observation confirmed that thioridazine, perphenazine, and prochlorperazine do inhibit NOX, whereas phenothiazine, 2-acetylphenothiazine, and mesoridazine are inactive. Fig. 2 . Concentration-response curves characteristic of NOX inhibition in whole cells. Fluorescence (Amplex red (AR)), chemiluminescence (MCLA), and colorimetric (WST-1) readouts were used to evaluate ROS production by cells treated with phenothiazine derivatives (thioridazine, mesoridazine, phenothiazine). Data were normalized to control responses in each case and fitted using a sigmoidal dose-response curve (GraphPad). AR assay was used for all NOX isoforms and hydrogen peroxide alone and representative curves are shown for (a, d) thioridazine, (b, e) mesoridazine, and (c, f) phenothiazine. MCLA was used for NOX1-, NOX2-, and NOX5-expressing cell lines and inhibitory curves are shown for (g) thioridazine, (h) mesoridazine, and (i) phenothiazine. WST-1 assay was used for NOX2-expressing cells for (j) thioridazine, (k) mesoridazine, and (l) phenothiazine. Values are presented as the mean7 SD; at least three experiments were performed for each compound. The cytotoxicity of (m) thioridazine, (n) mesoridazine, and (o) phenothiazine was evaluated in HEK cells using calcein-AM fluorescence. Cytotoxicity occurs only at 4 25 mM for thioridazine. According to the NOX2 inhibition data, a concurrent decrease in negative charge (i.e., electron density) of the attached aromatic system can be seen, represented in the ESP surface as a gradual color change from red to white to blue over the phenyl ring. On the top, the ESP scale is presented. The effects of the compounds were also evaluated on hydrogen peroxide alone (10 μM) using AR. NA, no signal was detected in this assay. Query to the Author a IC 50 values represent assay interference and not NOX inhibition.
Evaluation of the effects of phenothiazine compounds in NOX2 cellfree assay
To prove a direct effect on NOX2, we tested a subset of phenothiazines in a cell-free assay using isolated membranes of the myeloid cell line PLB-985 incubated with recombinant cytosolic factors, FAD and NADPH, and MCLA as a detection probe. The chemiluminescent signal was inhibited by thioridazine (IC 50 12.2 7 1.8 μM), perphenazine (IC 50 13.0 71.3 μM), prochlorperazine (IC 50 14.6 71.2 μM), and above 50 μM phenothiazine or mesoridazine (Figs. 5a-e) . This cell-free assay confirmed that the absence of inhibition by mesoridazine or phenothiazine is not due to a lack of cell permeability, that N-substituted phenothiazines act directly on NOX2, and that the effect observed in cellular assays is not due to cytotoxicity or upstream effectors of NOX2, such as receptor activation or protein kinase C activity.
One of the mechanisms of enzyme inhibition is competition with the substrate of the reaction catalyzed by the enzyme. To address this possibility we performed a competitive NOX2 cellfree assay by measuring reaction velocities as a function of increasing concentrations of NADPH (Fig. 5f) . The inhibition modalities were analyzed using nonlinear regression and the reciprocals of the same data points were plotted in a BurkeLineweaver graph (Fig. 5g) . The fact that all best-fitting regression lines intercept the x axis in close vicinity indicate that the K m values of NADPH are not changed by thioridazine, indicative of a noncompetitive mode of inhibition. The probability of the noncompetitive model was confirmed by the extra sum of squares F test (GraphPad Prism 6). Thus the NOX2-inhibitory mechanism of action of thioridazine is noncompetitive for NADPH and remains to be elucidated. NADP þ electrostatic potential has been extensively studied in aldose reductase by Muzet and co-workers [29] . They showed that NADP þ cofactor displays a large negative potential around the pyrophosphate group and a positive potential around the nicotinamide ring. The electrostatic potential of NADP þ and its spatial orientation suggest the possibility of having a very good electrostatic complementarity with the compounds formed by the ionizable tertiary amine carrying a positive electrostatic potential linked via a propyl to the phenothiazine scaffold having a negative potential (Fig. 3) . In this context the nicotinamide would interact with the phenothiazine moiety via π-π stacking.
Enzymatic analysis of such ternary complexes involving cofactors using competition assays reveals generally a noncompetitive behavior as shown, for example, by the aldehyde reductase in ternary complex with coenzyme NADPH and a potent inhibitor [30] .
Thus, based on the role played by the electrostatic potential as deduced by the SAR of the molecules, the noncompetitiveness toward NADPH, and the electrostatic potential of NADP þ in NADPH-containing enzymes [29] , it can be hypothesized that phenothiazine derivatives interact with NADPH, forming a ternary complex that has been often observed in NADPH-, NADH-, or FADcontaining enzymes [29] [30] [31] .
In vitro functional assay: redox-dependent myofibroblast differentiation
To demonstrate a functional consequence of NOX inhibition by thioridazine we used the well-described experimental paradigm that NOX-dependent ROS generation, and in particular NOX4 activity, controls fibroblast differentiation to myofibroblast, a key common pathway involved in fibrotic disease and scar formation [32] [33] [34] . A human foreskin fibroblast cell line was treated with recombinant TGF-β1, 2 ng/ml, in the presence of the flavoprotein inhibitor DPI, thioridazine, and the NOX-inactive phenothiazine.
After 24 h NOX4 and α-SMA expression was evaluated by qPCR. Both NOX4 and α-SMA transcripts were significantly upregulated after TGF-β1 treatment (Figs. 6a and b) . As expected, DPI (1 mM) prevented TGF-β-induced α-SMA upregulation. Importantly, a low concentration (2 mM) of thioridazine also mitigated the increase in α-SMA to a similar level compared to DPI, a potent inhibitor of NOX. NOX4 expression levels were not affected by any of the inhibitors (Fig. 6a) . Visualization of α-SMA protein by immunofluorescent staining showed a similar trend (Fig. 6c) . Although it is possible that the action of thioridazine is not mediated only through NOX, the fact that the parent compound phenothiazine was inactive in this differentiation assay argues for this mechanism. Our finding that thioridazine inhibits myofibroblast differentiation confirms that diseases with an exaggerated fibrotic response can be mitigated by small-molecule NOX inhibitors [35] . However, thioridazine and other N-substituted phenothiazines are obviously not optimal NOX inhibitors because they target numerous pathways: their neuroleptic activity is mostly due to the blockade of D2 dopaminergic receptors, and numerous nonpsychiatric effects have been described, including antimicrobial, antihistaminic, and antiemetic, among others [16] . Our results consolidate an additional mechanism of action for these compounds, namely mitigation of NOX-associated oxidative stress.
As of today, only a few studies have characterized NOX inhibitors using a combination of ROS measurements and oxygen consumption [37, 13, 36] , and studies actively searching for artifacts of NOX-derived ROS measurements are few [14] . This study allowed us to identify key substitutions on the phenothiazine moiety that confer NOX inhibition and to formally distinguish NOX inhibitors from nonspecific compounds, such as unsubstituted phenothiazines, which interfere with peroxidase-dependent H 2 O 2 detection. Identified molecules now represent validated tools for proof-of-concept experiments and may become a scaffold for further investigation of SARs of phenothiazine-derived molecules and design of new NOX inhibitors devoid of antipsychotic activities. With the increased interest in identifying NOX-targeting therapeutics, the information gained from this family of molecules may prove essential.
